by thermal copolymerization. Some bioplastics have also been prepared from soybean [11, 12] , tung [13] , and corn [14] oils by cationic copolymerization with varying amounts of styrene (ST) and divinylbenzene (DVB). Crosslinked bacterial polyesters have been obtained by the free radical polymerization of soybean oil acids [15] . Extensive research has been devoted to the development of polymers from triglyceride oils as a natural alternative to petroleum-based polymers [16] [17] [18] . In this work, common linseed oil is grafted free radically with ST and DVB to prepare a range of promising new polymers.
Materials and methods

Materials used
The linseed oil (LIN) used in this study was purchased from the local market. ST and DVB (stabilized with 4-tert-butylpyrocatechol) were purchased from Merck Chemical Co., Germany and used as received. Benzoyl peroxide (BPO) was purchased from CDH Ltd., New Delhi (India) and used as received. Tetrahydrofuran was purchased from Merck Chemical Co., Germany and used as a solvent for extraction.
Polymer preparation
The polymeric materials have been prepared by heating the desired concentration of linseed oil [LIN or Benzoyl peroxide initiated Linseed Oil (BLO)], ST and DVB in a glass vial. Two different methods for preparation of the polymeric materials have been adopted. In the first method, all of the materials were mixed in a vial in the desired amounts, stirred thoroughly and then the initiator BPO (1%) was added with stirring for proper dissolution. The material was heated sequentially to the desired temperatures for the appropriate amount of time, usually 85°C for 45 minutes, 100°C for 12 hours, 120°C for 24 hours and finally 130°C for 3 hours. When using the second method, the LIN was heated with 1% BPO at 120°C for five hours (henceforth known as BLO) and then ST and DVB were added to the oil and heated sequentially to the desired temperatures, usually 85°C for 45 minutes, 100°C for 12 hours, 120°C for 24 hours and finally 130°C for 3 hours. The nomenclature used in this work is based on the original composition of the reactants. For example, LIN30-ST42-DVB28 represents a polymer prepared from 30 weight% of linseed oil (LIN), 42 weight% of ST and 28 weight% of DVB and BLO30-ST42-DVB28 represents a polymer prepared from 30 weight% of initiated linseed oil (BLO), 42 weight% of ST and 28 weight% of DVB.
Characterization
Soxhlet extraction
The polymeric materials reported in Table 1 were subjected to soxhlet extraction to determine their soluble and insoluble contents. About 2 gram sample of the bulk polymer was extracted for 24 hours with 150 ml of refluxing tetrahydrofuran using a soxhlet extractor. After extraction, the resulting solution was concentrated by rotary evaporation and subsequently dried under vacuum. The insoluble materials were dried under vacuum for several hours before weighing.
1 H nuclear magnetic resonance spectroscopy ( 1 H NMR)
The soluble extract from the polymeric material, as well as LIN, ST and DVB were dissolved in CDCl 3 . Tetramethylsilane (TMS) was used as a reference to compare the spectra obtained. The spectra were obtained using a multinuclear FT-NMR Spectrometer (Bruker AC-300 F) at 300 MHz. A total of 30 scans were averaged to obtain the final data.
Dynamic mechanical analysis (DMA)
The dynamic mechanical analysis of the properties of bulk polymers were conducted by using a Perkin-Elmer dynamic mechanical analyzer DMA Pyris-7e in a three-point bending mode with a 110 mN static force and a 110 mN dynamic force. A rectangular specimen was prepared by machining the cylindrical product (obtained from heating in a vial) to specimens of 1.2-2 mm thickness and 5 mm depth. Each specimen was first cooled under liquid nitrogen to ca. -60°C, and then heated at 3°C/min and at a frequency of 1 Hz under nitrogen. The viscoelastic properties, i.e. storage modulus E ′, and mechanical loss factor (damping) tanδ were recorded as a function of temperature. The glass transition temperature T g of the polymer was obtained from the peak of the loss tangent plot. The crosslink densities, ν e , were determined from the rubbery modulus plateau based on the theory of rubber elasticity (Equation (1)) [19, 20] :
where E′ is the storage modulus (Young's) of crosslinked polymer in the plateau region, R is the universal gas constant (8.314 J·mole -1 ·K -1 ) and T is the absolute temperature [K] . Since the three point bending mode was used for all dynamic measurements, the storage modulus obtained is a flexural modulus, which is related to Young's modulus as Equation (2) [21, 22] :
where D′ is the flexural storage modulus (flexural rigidity) per unit width; ν is Poisson's ratio and h is the thickness of the specimen. For simplicity and ease of comparison with the previously published results [11] , Equation (1) has been used to calculate the crosslink density, assuming that E′ and D′ are equal.
Differential scanning calorimetry (DSC)
Differential scanning calorimetric studies were carried out by using a differential scanning calorimeter (TA Instruments DSC Q10 V9.0 Build 275) in the temperature range of 35 to 250°C at a heating rate of 20°C/min. The sample weight used was approximately 4-5 mg. The peaks were used to determine the glass transition temperature T g of the samples which is approximately 20 to 40°C higher than T g shown by loss tangent plot. The area in J/gm was also reported by integrating the peak from DSC results and peak width was calculated from the difference between starting point and finishing point of the DSC peak for each sample.
Scanning electron microscopy (SEM)
The polymeric samples to be scanned were mounted onto the specimen stub. The samples were sputter coated with a thin layer (approximately 25 nm) of gold under a vacuum by using a JEOL Sputter Coater (JFM 1100). The metal coating prevents the buildup of high voltage charges on the specimen. In addition, the metal coatings serve as an excellent source of secondary electrons, as well as helping to disperse potentially damaging heat. The coated samples were examined using a JOEL scanning electron microscope (JSM 6100) at a 20 kV accelerating voltage and the images were recorded on 120 B and W Roll Film (100 ASA).
Heat deflection temperature (HDT)
The heat deflection temperatures of the polymeric samples were measured according to ASTM D 648. The dimensions of the samples were 80×10×4 mm. They were tested in a flatwise position. For the HDT measurements, the samples were heated from room temperature to 170°C at a rate of 2°C per minute. A load of 450 kPa was applied to the sample at the center. Once the sample was deflected by 0.25 mm, the temperature was noted. This is the heat deflection temperature (HDT) of the sample.
Swelling analysis
The swelling analyses of the polymeric samples were carried out in different solvents viz., saline (20% NaCl), alkaline (2% NaOH), acidic (2% H 2 SO 4 ) and tetrahydrofuran. To study the swelling kinetics, the so-called pat-and-weight technique was used for liquid sorption [23] . The polymeric samples were allowed to remain in the solution for 72 hours at room temperature and then weighed as soon as they were removed from the solvent. The samples were weighed after 2, 4, 8, 12, 24, 48 and 72 hours. The swelling ratio, q v , of the various polymers at equilibrium [24] was determined using the Equation (3): (3) 4. Results and discussion
Microstructure of the LIN-ST-DVB copolymers
Sixteen polymer samples, in total, were prepared by the free radically grafted copolymerization of varying amounts of LIN, ST and DVB as reported in Table 1 . The possible initiation reactions for this free radical process are shown in Figure 1 . It is observed that the LIN employed in this study is oligomerized on heating and becomes viscous at 160°C or higher. No crosslinked polymers are evident at 160°C, but upon standing for several days at room temperature, this oil forms an upper solid surface. This indicates that the LIN polymerizes in the presence of oxygen. Thus, the formation of crosslinked homopolymers from LIN probably depends on the conditions employed, namely the thickness of the surface layer, the temperature and the time of reaction with surface oxygen, etc. It is also observed that when this heated oil is mixed with equal amounts of ST and left for some days at room temperature, it also forms a solid upper surface. Thus, in order to get a viable product of considerable strength within some stipulated time, it is important that one mixes the LIN with some more thermally active reactants, like ST and DVB. The activation temperature for the free radical copolymerization of ST and DVB is much lower than that of LIN. Both ST and DVB undergo polymerization at 100°C, resulting in hard rigid solid material. Based on the above findings, the mixture of LIN, ST and DVB was successively heated at 85°C for 45 minutes, then 100°C for 12 hours, 120°C for 24 hours, and finally at 130°C for 3 hours. During the heating at 100°C, all of the reactant mixtures (C 1 -C 8 and B 1 -B 8 of Table 1 ) solidified within two hours of heating. Thus, a reasonable mechanism for initiation may involve formation of the radicals 2 and 3 from ST and DVB after decomposition of the initiator. These radicals are then capable of attacking the C=C bonds of the ST, DVB and LIN. After post curing at 130°C, almost all of the starting materials are converted into crosslinked polymers. It is expected that the radicals 2 and 3 generated as shown in Figure 1 will form relatively stable radicals by adding either to ST or DVB. During prolonged heating, the ST-DVB copolymer chains crosslink at the pendant vinylic double bonds and the rest of the pendant vinylic double bonds react with many unreacted of double bonds in the LIN, leading to a crosslinked polymer having two distinctly separated soft and hard phases. The radical 5 is more pronounced and may result in grafting (6) of LIN in the ST-DVB polymer chain. The soft phase is comprised mainly of the LIN copolymer, whereas the hard phase con- sists primarily of ST-DVB copolymer. There is a strong possibility of seeing phase separation (macroheterogeneity) between these two phases, leading to some fault or defect-like cracks in the bulk and surface when relatively few dangling vinylic double bonds from the ST-DVB copolymer are available for grafting with the double bonds of the fatty acid chains of the LIN. This condition prevails when a very low amount of DVB (<14%) is present in the mixture. Thus, the sample C 8 , containing the least DVB (14%) exhibits no visible phase separation. Apparently, the aromatic comonomers (ST and DVB) upon crosslinking strengthen the copolymer chains and thus make the resulting fully cured polymers more viable as structural materials. As noted earlier, when the DVB concentration is not sufficiently high, there is a strong possibility of agglomerating soft and hard phases forming clusters among themselves, leading to macrophase separa- Table 1 ), both soft and hard phases are still present in the product, but the formation of an oil-grafted ST-DVB copolymer prevents the formation of clusters. Thus, macroheterogeneity reduces to microheterogeneity, which is indicated by the opaque nature of the material. Based upon the above results, different concentrations of LIN were added to a 3:2 mixture of ST and DVB. It is observed that for a LIN concentration of 30-65% (C 1 -C 8 ), the samples are free of cracks. An increase in the DVB content results in the formation of more highly crosslinked copolymers of LIN, further reducing the possibility of macrophase separation.
Soxhlet extraction
The polymer samples were extracted to determine their insoluble content and these results are shown in Table 1 . With an increase in the LIN content in the polymeric samples from 30 to 65%, the insoluble content of the samples decreases from 74 to 30%, while the soluble portion increases from 26 to 70%. A plot of the percentage of the LIN vs. the soluble content of the sample is shown in Figure 2 . These results indicate that with an increase in the LIN content, the crosslinking densities of the polymeric samples decrease. The polymer samples prepared by the first method have less soluble content as compared to the samples prepared by the second method, which indicates that the crosslinking densities of samples prepared by the second method are less than that prepared by the first method. In the second method, the initiator is first allowed to react with the LIN, may cause the formation of peroxylinkages, which subsequently cause the degradation, as well as crosslinking. The presence of the higher soluble contents in the polymers from this second method may be due to this degradation process. It may be caused also because of partial blocking of double bonds with radicals produced by the initiator as well as radical recombination. In such case more active pre-initiated double bonds of the oil are falling out of the following copolymerization process.
1 H NMR spectroscopic characterization
The 1 H NMR spectra of ST, DVB, LIN, solvent removed from extractable portion of the polymer (vacuum rota-evaporator) and the soluble extract from the polymeric samples C 5 (LIN50-ST30-DVB20) and B 5 (BLO50-ST30-DVB20) are shown in Figure 3 Figure 3 ) and in LIN are due to the methylene protons (CH 2 ) of the glyceride unit. This is a particularly characteristic peak for the LIN oil. It is used in calculating the oil content in the soluble extract of the polymeric material. The aromatic protons of the ST, DVB and the oligomeric portion of these materials are observed between 7.1-7.9 ppm. These aromatic peaks are distinctive and are used to calculate the ST and DVB content in the soluble extracts. However, the peak due to the solvent CDCl 3 peak, which occurs in the same region at 7.26 ppm, has been excluded from all calculations. The solvent removed from the soluble portion by vacuum evaporation is free from any oligomers and the peak is shown in Figure 3 . The peak is same as for pure solvent. The weight percentages of the oil and aromatic components of the different samples are reported in Table 1 . The weight percent of the LIN in the soluble extract varies from 86 to 99% and the weight percent of aromatic components varies from 1 to 14%. The values in parentheses in the Soxhlet results of Table 1 indicate the detailed microcomposition of the polymeric samples. The soluble portion present in the samples helps plasticize the crosslinked insoluble materials. Thus, the insoluble materials mainly determine the properties of the polymeric material. For the samples C 1 -C 8 and B 1 -B 8 in Table 1 , the amount of oil decreases in the insoluble fraction, but the decrease is more significant in samples B 1 -B 8 . With the decrease in DVB content from 28 to 14%, the amount of oil in the insoluble portion shows a considerable decrease. This fact is consistent with our hypothesis that the LIN is grafted into the polymer chain of the ST and DVB copolymer during prolonged heating. Figure 4 shows the variation of tanδ and storage modulus with temperature for different linseed oil polymer samples (C 1 , C 3 , C 5 , and C 7 ). The glass transition temperatures were obtained from the tanδ peaks and the crosslink densities were calculated from the plateau storage moduli using Equation (1). These are listed in Table 2 . From the tanδ plots of Figure 4 , the presence of a hump or two peaks in all of the samples except C 1 and C 3 indicates that there is clearly phase separation between the soft oily phase and the hard aromatic phase. The peaks for sample C 1 and C 3 get merged due to the broadening of the hump. It was reported that the glass transition temperature peaks for rubbery materials appears in negative region [10] . In present work, the glass transition peaks for all samples are appearing above the room temperature. The crosslink densities of these samples are quite high, which suggests that these polymers should be hard plastics. But from visual inspection, it appears that these samples are neither plastics nor elastic, but to some extent waxy in nature. These observations indicate that these samples are crosslinked as well as degraded (the presence of atmospheric oxygen causes degradation). That is why these samples show high glass transition temperature.
Dynamic mechanical analysis
With increase of oil contents in these polymers, it is observed that the strength of these samples is very low, when compared with the polymeric samples from thermal polymerization of conjugated linseed oil reported by Kundu and Larock [10] . The possible explanation is the simultaneous crosslinking and degradation of polymer chains. This leads to the formation of highly crosslinked small polymeric chains giving rise to high T g s and crosslink densities (ν e ). The crosslink densities (ν e ) of these samples (C 1 , C 3 , C 5 , and C 7 ) are plotted in Figure 5 . The crosslink density of C 1 is the highest and decreases with increasing oil contents upto sample C 5 . From sample C 5 onwards ν e start decreasing again which suggest that as the linseed oil contents increased beyond 50%, the degradation of linseed oil dominates. This results in highly crosslinked small polymer chains. The samples B 5 (not shown in Figure 5 ) shows highest ν e and is more waxy than C 7 (LIN 60%). In considering the storage modulus plots of these polymers, it is observed that the storage modulus at high temperature (>50°C) is higher for samples containing less linseed oil and it decreases with increasing oil contents. In samples C 5 and B 5 , sample B 5 show high modulus at low temperature (< -5°C) and sample C 5 shows high modulus at temperature higher than 20°C. This may be due to the reason that, in sample B 5 , the initiator oligomerizes the oil first and a few peroxy radical left for polymerizing other comonomers. Also, the molecular size of linseed oil is larger than the one of BPO. Thus the BPO treated linseed oil molecules have less reactivity and less diffusablity as compared to BPO. Due to this, the polymerization is lower in sample B 5 than C 5 .
Differential scanning calorimetry
The plots of heat flow [W/g] versus temperature
[°C] for different samples are shown in Figure 6 . The differential scanning calorimetry results are shown in Table 2 shadowed by exothermic peaks in the range of 164-181°C, exhibited by the samples. The exothermic peaks are originated due to the possible crosslinking of the polymers initiated from the peroxy linkages formed during the free radical polymerization. In the free radical polymerization, some aerial oxidation occurs during polymerization, resulting in residual peroxy linkages [25] . The sample C 1 is hard in nature and it shows a broad peak. As the aromatic component (ST and DVB) decreased, the peak becomes sharper indicating the change in nature of the samples from plastic to waxy. The area of the peak increases with a decrease in peak width. With increase in the oil contents, the content of residual peroxy linkages increases [25] . The presence of more peroxy linkages needs higher energy for its breakage leading to crosslinking of polymers. Thus, the results from Table 2 justify the increase in the peak area. The increasing oil contents resulted in sharper peaks.
The T g of sample C 5 is higher than that for sample B 5 , but the peak is observed to be less sharp for sample C 5 than sample B 5 . This indicates that the sample B 5 is waxier.
Scanning electron microscopy (SEM) of the insoluble extracts
The insoluble portion of the samples after extraction with tetrahydrofuran has been used to study the morphological behavior by scanning electron microscopy. The SEM micrographs of all of the samples are very similar and indicate that the material is porous in nature and the pores are evenly distributed throughout the whole matrix. The micrographs of sample C 5 are shown as representative of all other samples. Three micrographs of the sample C 5 with different magnification (contains 50% LIN) are shown in Figure 7 . Figure 7a confirms the presence of cracks on the surface of the sample after Soxhlet extraction. Under higher magnifications (Figures 7b and 7c) , the pores are clearly visible, which indicates that the material is porous in nature and, as the ST and DVB content decreases, the material becomes more porous.
Heat deflection temperature
The heat deflection temperatures (HDT) for various samples (C 1 -C 7 ) are reported in Table 2 . In Figure 5 , the HDT of the polymeric sample is plotted against the percent of oil. The HDT of sample C 1 is the highest (43.6°C) and that for sample C 7 is the lowest (26.9°C). The higher value of HDT is mainly due to the higher aromatic content present in the polymeric samples. With a decrease in the aromatic content, the HDT of the samples decreases.
The HDT for the sample with 65% oil is not tabulated, since the sample broke during testing due to its softness.
Swelling of samples
The polymeric samples have been tested for swelling in different media. The swelling ratios (q v ) have been determined from the swelling of samples by Equation (3) . The swelling ratios of the samples prepared by the first method have been plotted against the percent of oil present in the sample. The graphs for the polymeric materials prepared by both methods are shown in Figure 8 . The polymers prepared by the first method (C 1 -C 8 ) show minimum swelling for saline water and a maximum for tetrahydrofuran. This is due to the fact that tetrahydrofuran is an organic solvent, which can readily diffuse into the polymer network, whereas the other three solutions are aqueous and quite polar in nature and have less penetration into the relatively non-polar polymer and hence show less swelling. For the polymers prepared by the second method (B 1 -B 8 ), the swelling is maximum for the alkaline solution and minimum for the acidic solution. Once again, tetrahydrofuran exhibits significant swelling, but even greater swelling is observed in the alkaline solution. This is perhaps due to the fact that initial treatment of the oil by air has resulted in partial oxidation of the oil, which in turn results in alkaline hydrolysis of the resulting polymeric materials, although we have no actual proof of this hypothesis. Due to the presence of oxidized fragments, presumably in the form of carboxylic acids, in the polymeric samples, minimum swelling is observed in acidic solution. When both methods for preparation of the polymers are compared, it is observed that the degree of swelling is greater for the material prepared by the second method. This can be explained by the fact that during polymerization at the higher temperatures, some degradation of the sample apparently occurs. The polymers prepared by the first method (C 1 -C 8 ) are quite resistant towards saline water and those prepared by the second method (B 1 -B 8 ) are resistant towards aqueous acid.
The swelling ratios at different time intervals for tetrahydrofuran for the samples C 5 and B 5 are shown in Figure 9 . Figure 9 represents the time dependence of the swelling ratios. The swelling increases progressively with time. A sharp rise in q v values is observed at the early stages of swelling. After 24 hours, the q v values show little change. This may be explained in terms of the catastrophic rupture of the polymer network due to the internal stress caused by diffusion of the liquid into the polymer network. Sample B 5 shows more swelling than sample C 5 .
Conclusions
A variety of novel polymers have been synthesized by the free radical graft copolymerization of linseed oil (LIN), ST and DVB in the presence of benzoyl peroxide as an initiator. The copolymerization is performed in a temperature range of 85-130°C. The highly crosslinked materials with lower strength is resulted from the simultaneous oxidative degradation and crosslinking of polymer chains. These observations suggest that these polymers if prepared in anaerobic conditions may results in products with high molecular weight chains.
